In MT gliding assays performed under standard conditions (Cohn et al., 1989) , both kinesin-II and OSM-3 used Mg-ATP as a substrate to support motility according to Michaelis-Menten kinetics (Fig. 1, C and D; and Table I ). Detailed characterization of kinesin-II motility (Table I and Corresponding yield from a typical purification run of the type shown in Fig. 1 A. (B and C) Standard curves for sucrose gradients and gel filtration columns that were used to determine the sedimentation coefficient (S value) and Stokes' radius (Rs) of kinesin-II, respectively. (D) Table summarizing hydrodynamic properties and corresponding estimated native molecular mass of the purified C. elegans kinesin-II preparation. (E) The subunit ratio of recombinant kinesin-II deduced from Coomassie blue staining.
AMPPCP and AMPPNP are mixed, complex inhibitors of kinesin-II in the presence of ATP; and (4) in the presence of ATP, Mg 2+ but not Ca 2+ supported motility. The results are similar to those obtained with kinesin-1 (Cohn et al., 1989) and suggest that Mg-ATP is the preferred substrate for kinesin-2 motors.
Quantitative models for the functional coordination of the two anterograde IFT kinesins
Alternating action model. We consider two variants of the alternating action model (Fig. S3 A) : (1) coordinated sequential stepping by the holoenzymes, which is controlled by biochemical regulators, possibly acting via conformational spread within the IFT particles (Bray and Duke, 2004 ) that serve to coordinate the motors; and (2) alternate, multiple-step runs of the two holoenzymes, which may be caused by either a regulated alternation or a stochastic, unregulated switching of the motors. First, kinesin-II and the OSM-3 kinesin motors moving at velocities of 0.5 and 1.3 μm/s must spend ?8 nm/velocity in milliseconds per step (assuming that the motors take 8-nm steps, like kinesin-1), which is ?16 and 6 ms/step, respectively. In case 1, we assume that the two holoenzymes are coordinated to take alternating 8-nm steps, and, therefore, a cargo moved by both motors taking alternating steps 6 and 16 ms long will move on average at a rate of 11 ms/step corresponding to ?90 steps/s and, thus, to 90 × 8 nm/s to ?0.7 μm/s, which is the intermediate speed seen along the initial segments in vivo. In case 2, we assume that the cargo is moved first by one of the motors for several steps (a run) and then by the other. This form of the model can also account for the intermediate speeds observed in vivo (?0.7 μm/s), so long as each motor takes an equal mean number of steps during a run (note that the mean run length would be the same, but the mean run duration would be different for the two motors). Also, the in vitro gliding rate can be explained by both the alternating steps and alternating run models (Fig.  2 C , red line) if we assume that the mean ratio of the numbers of steps taken by each motor is equal to the molar ratio of the motors.
To calculate the mean velocity of the cargo, let us assume that a cargo (and IFT particle) is attached to N OSM-3 motors and M kinesin-II motors and that the motors move on the MT tracks by taking alternating steps (Fig. S3 A) . Assuming that the OSM-3 and kinesin-II motors both take 8-nm steps and move at 1.3 and 0.5 μm/s, the motors spend 8/ v osm-3 and 8/v kinesin-II s or, equivalently, ?6 and 16 ms per step. Therefore, a cargo moved by OSM-3 and kinesin-II (so that each individual motor makes a step with the same frequency as every other motor) would on average move at velocity Furthermore, assuming that the mole fraction of OSM-3-kinesin in the cilium (or the solution in gliding assays) reflects the mole fraction of active motors bound to the cargo (or the MT in gliding assays) and by writing the mole fraction of OSM-3-kinesin as the equation for the velocity of the cargo can be rearranged as: Mechanical competition model. In the mechanical competition model (Fig. S3 B) , the two motors are considered to be able to take steps and generate force at the same time while interacting with the same cargo. We assume that the slower motors simply exert significant drag on the fast motors, which slows the fast motors down, while the slow motors are pulled/pushed forward by the fast ones and are accelerated (the possibility of a motor being accelerated by a force applied Figure S3 . Alternating action and mechanical competition models explain the comovement of kinesin-II and OSM-3-kinesin along sensory cilia. Cartoons in A and B show two hypothetical models for motor cooperation, the alternating action model (A) and the mechanical competition model (B), to explain how a slow moving kinesin-II and a fast moving OSM-3-kinesin move together to produce an intermediate transport velocity. In the alternating action model (A), kinesin-II and OSM-3-kinesin are coordinated to take alternating 8-nm steps with kinesin-II taking 60 steps/s (16 ms/step) and OSM-3-kinesin taking 160 steps/s (i.e., 6 ms/step) so that their cargo, IFT particles, are moved by both motors in alternating steps of 16 and 6 ms (mean of 90 steps/s; 11 ms/step) and will move at the intermediate speed observed along the initial segment in vivo. The mechanical competition model (B) assumes that a slow motor (kinesin-II) simply exerts drag on the fast motor (OSM-3-kinesin), slowing it down.
in the direction of its characteristic movement was experimentally demonstrated in Coppin et al., 1997) . In this model, forces generated by the motors (F kinesin-II and F OSM-3 ) are balanced; the kinesin-II motors exert resistive/drag forces to oppose the OSM-3-kinesin-generated plus enddirected forces, and therefore, a tension force of magnitude equal to that of the force generated by OSM-3-kinesin (or kinesin-II) is exerted across the cargo (Fig. S3 B) . Furthermore, in the context of this model, we make the following explicit assumptions: (1) Both kinesin-II and OSM-3-kinesin obey linear force-velocity relations, which approximate well-known relations for kinesin-1, kinesin-5, and dynein (Svoboda and Block, 1994; Mallik et al., 2004; Singh et al., 2005; Valentine et al., 2006) , and these relations are valid at forces pulling the motors forward at rates exceeding their maximal velocities (Coppin et al., 1997) . (2) All motor-generated forces are additive, so the force is linearly proportional to the number of motors attached to the IFT particle. (3) The drag forces on the cargo (gliding MTs or moving IFT particles) are of negligible magnitude compared with motorgenerated forces (picoNewtons; Howard, 2001) .
Under these assumptions, we can compute the mean velocity of a cargo interacting with both types of kinesins competing mechanically with one another as follows. Let us assume that a cargo (and IFT particle) is attached to N OSM-3 motors and M kinesin-II motors and that the motors move processively on the MT tracks (Fig. S3 B) . Because we assume that both motors obey linear force-velocity relationships (Svoboda and Block, 1994; Mallik et al., 2004; Valentine et al., 2006) and that the forces are additive, we can write the force-balance on the moving cargo (IFT particle or MT) as: 
V
, were assumed to be 0.5 and 1 μm/s, respectively, in all three plots. For increasing values of the parameter γ, the relation changes from a convex down to a convex up function.
the motor-generated forces (approximately picoNewtons), the aforementioned force-balance equation can be written as 0
between the in vivo ratio of the motors moving IFT particles and the ratio of motors' stall forces, γ). The free gliding velocities of the purified motors are similar but slightly slower than those observed in vivo, namely 0.34 and 1.09 μm/s, for kinesin-II and OSM-3-kinesin, respectively. Indeed, assuming that the mole fraction of the OSM-3-kinesin used in the gliding assays reflects the fraction of these motors bound to MTs and treating the unloaded velocities of motors max kinesin-II V and max osm-3 V as free parameters along with the stall force ratio γ, the best fit to the gliding data is obtained for the following values of these parameters: . This predicts a stall force of 10 pN for kinesin-II like that of OSM-3 (Imanishi et al., 2006) . 2, E and F; red and blue lines, respectively]). In the fit for the mechanical competition model, the value of the parameter γ (the stall force ratio of OSM-3 to kinesin-II) is only γ = 0.7, predicting that OSM-3-G444E is slightly weaker than wild-type OSM-3 and kinesin-II.
The gliding velocity as a function of the mole fraction of OSM-3
The MT gliding velocity as a function of the OSM-3 mole fraction depends significantly on the value of the parameters γ, (Fig. S4 B, dotted blue line) . In Fig. S4 V were fixed at 0.5 and 1 μm/s, respectively, and only the parameter γ was varied to illustrate the changes in the qualitative form of the velocity-mole fraction relation, indicating that the velocity of the cargo increases linearly with the mole fraction of OSM-3 motors from the kinesin-II to OSM-3 gliding velocity. Indeed, the dimensionless ratio represents the relative force/free velocity of the motors. When θ < 1 (Fig. S4 B, solid blue line) , the velocity and mole fraction relationship is convex down, indicating that the velocity of the cargo increases slowly with the increasing mole fraction of OSM-3 motors. This suggests that kinesin-II is a stronger motor, and only when there are many OSM-3 per kinesin-II can OSM-3 win. On the other hand, when θ > 1 (Fig. S4 B, dashed blue line) , the velocity and mole fraction relationship is convex up, indicating that the velocity of the cargo increases rapidly with the increasing mole fraction of OSM-3 motors. This suggests that kinesin-II is a weaker motor and that the presence of only a few OSM-3 per many kinesin-II can cause kinesin-II to lose.
Model predictions for IFT in bbs;IFT-motor double mutants
Both models explain equally well the velocity of the cargo at variable numbers of motors and suggest that either mechanism is plausible. However, we reasoned that transport assays performed in bbs mutants might be used to discriminate between them. This is based on the idea that the two motors will act together in a concerted fashion to exert stresses on their cargo in the mechanical competition model, whereas in the alternating action model, only one motor is active at any time, so such stresses are not produced. Thus, the models predict distinct transport profiles for IFT particles and motors in bbs single mutants and the bbs;IFTmotor double mutants as follows (Fig. 3 A) .
In wild-type animals, BBS particles maintain the association of IFT-A and -B, so the motors move intact IFT particles at an intermediate velocity. In single bbs mutants, IFT subcomplexes IFT-A and -B dissociate and are moved by kinesin-II and OSM-3-kinesin, respectively. The alternating action models suggest that the dissociation of IFT particles into IFT-A and -B does not require motor-generated tug-of-war forces produced by the concerted action of OSM-3 and kinesin-II because the two motors would alternate and move in turn and would not be resisted by any significant force (Fig. 3 A) . Thus, these models predict that in the bbs and motor double mutants, the distal segments will be absent, and IFT particles will again dissociate into subcomplexes A and B. In the bbs7/ 8;klp-11 double mutant, subcomplex IFT-B would be transported along the initial segment at 1.3 µm/s by OSM-3-kinesin alone, whereas IFT-A is left behind at the transition zone so truncated cilia will form and IFT aggregates will accumulate in the ciliary endings, mimicking the phenotype of IFT particle A mutants. In the bbs7/8;osm-3 double mutant, subcomplex IFT-A would be transported at 0.5 µm/s by kinesin-II, whereas IFT-B is left behind at the transition zone and ciliary lengths will decrease.
In contrast, in the mechanical competition model, both motors are assumed to remain active in the bbs mutants and to generate tension across the IFT particle, which causes IFT subcomplexes IFT-A and -B to dissociate (Fig. 3 A) . This model predicts that in the bbs and motor double mutants, the IFT particles should remain intact because after the loss of function of one of the two motors, there will be no mechanical competition and, therefore, no tension force to dissociate IFT-A from -B even in the absence of the BBS proteins (Fig. 3 A) . Thus, the transport velocities of motors and IFT particles as well as the ciliary phenotype of these double mutants should be the same as that in the corresponding motor mutant alone (i.e., in osm-3 mutants, IFT-A and -B subunits will be moved by kinesin-II at 0.5 µm/s along the residual initial segments, but in klp-11 or kap-1 mutants, IFT-A and -B will be moved along the entire full-length axoneme at 1.3 µm/s by OSM-3; Snow et al., 2004) .
